A novel model embedding the two Higgs doublets in the popular two Higgs doublet models into a doublet of a non-abelian gauge group SU (2) H is presented. The Standard Model SU (2) L right-handed fermion singlets are paired up with new heavy fermions to form SU (2) H doublets, while SU (2) L left-handed fermion doublets are singlets under SU (2) H . Distinctive features of this anomaly-free model are: (1) Electroweak symmetry breaking is induced from spontaneous symmetry breaking of SU (2) H via its triplet vacuum expectation value; (2) One of the Higgs doublet can be inert, with its neutral component being a dark matter candidate as protected by the SU (2) H gauge symmetry instead of a discrete Z 2 symmetry in the usual case; (3) Unlike LeftRight Symmetric Models, the complex gauge fields (W 1 ∓ iW 2 ) (along with other complex scalar fields) associated with the SU (2) H do not carry electric charges, while the third component W 3 can mix with the hypercharge U (1) Y gauge field and the third component of SU (2) L ; (4) Absence of tree level flavour changing neutral current is guaranteed by gauge symmetry; and etc. In this work, we concentrate on the mass spectra of scalar and gauge bosons in the model. Constraints from previous Z data at LEP and the Large Hadron Collider measurements of the Standard Model Higgs mass, its partial widths of γγ and Zγ modes are discussed.
I. INTRODUCTION
Despite the historical discovery of the 125 GeV scalar resonance at the LHC [1, 2] completes the last building block of the Standard Model (SM), many important questions are still lingering in our minds. Is this really the Higgs boson predicted by the SM or its imposter?
Are there any other scalars hidden somewhere? What is the dark matter (DM) particle?
And so on. Extended Higgs sector is commonly used to address various theoretical issues such as DM. The simplest solution for DM is to add a gauge-singlet scalar, odd under a Z 2 symmetry [3] [4] [5] . In the context of supersymmetric theories like the Minimal Supersymmetric Standard Model (MSSM) proposed to solve the gauge hierarchy problem, an additional second Higgs doublet is mandatory due to the requirement of anomaly cancelation and supersymmetry (SUSY) chiral structure. In the inert two Higgs doublet model (IHDM) [6] , since the second Higgs doublet is odd under a Z 2 symmetry its neutral component can be a DM candidate [7] [8] [9] [10] . Moreover the observed baryon asymmetry cannot be accounted for in the SM since the CKM phase in the quark sector is too small to generate sufficient baryon asymmetry [11] [12] [13] , and the Higgs potential cannot achieve the strong first-order electroweak phase transition unless the SM Higgs boson is lighter than 70 GeV [14, 15] . A general two Higgs doublet model (2HDM) contains additional CP -violation source [16] [17] [18] [19] [20] in the scalar sector and hence it may circumvent the above shortcomings of the SM for the baryon asymmetry.
The complication associated with a general 2HDM [21] stems from the fact that there exist many terms in the Higgs potential allowed by the SM gauge symmetry, including various mixing terms between two Higgs doublets H 1 and H 2 . In the case of both doublets develop vacuum expectation values (vevs), the observed 125 Higgs boson in general would be a linear combination of three neutral scalars (or of two CP -even neutral scalars if the Higgs potential preserves CP symmetry), resulting in flavour-changing neutral current (FCNC) at tree-level which is tightly constrained by experiments. This Higgs mixing effects lead to changes on the Higgs decay branching ratios into SM fermions which must be confronted by the Large Hadron Collider (LHC) data.
One can reduce complexity in the 2HDM Higgs potential by imposing certain symmetry.
The popular choice is a discrete symmetry, such as Z 2 on the second Higgs doublet in IHDM or 2HDM type-I [22, 23] , type-II [23, 24] , type-X and type-Y [25] [26] [27] where some of SM fermions are also odd under Z 2 unlike IHDM. The other choice is a continuous symmetry, such as a local U (1) symmetry discussed in [28] [29] [30] [31] . The FCNC constraints can be avoided by satisfying the alignment condition of the Yukawa couplings [32] to eliminating dangerous tree-level contributions although it is not radiatively stable [33] . Alternatively, the aforementioned Z 2 symmetry can be used to evade FCNC at tree-level since SM fermions of the same quantum number only couple to one of two Higgs doublets [34, 35] . Moreover, the Higgs decay branching ratios remain intact in the IHDM since H 1 is the only doublet which obtains the vacuum expectation value (vev), or one can simply make the second Higgs doublet H 2 much heavier than the SM one such that H 2 essentially decouples from the theory. All in all, the IHDM has many merits, including accommodating DM, avoiding stringent collider constraints and having a simpler scalar potential. The required Z 2 symmetry, however, is just imposed by hand without justification. The lack of explanation prompts us to come up with a novel 2HDM, which has the same merits of IHDM with an simpler two-doublet Higgs potential but naturally achieve that H 2 does not obtain a vev, which is reinforced in IHDM by the artificial Z 2 symmetry.
In this work, we propose a 2HDM with additional SU (2) H × U (1) X gauge symmetry, where H 1 (identified as the SM Higgs doublet) and H 2 form an SU (2) H doublet such that the two-doublet potential itself is as simple as the SM Higgs potential with just a quadratic mass term plus a quartic term. The price to pay is to introduce additional scalars: one SU (2) H triplet and one SU (2) H doublet (which are all singlets under the SM gauge groups) with their vevs providing masses to the new gauge bosons. At the same time, the vev of the triplet induces the SM Higgs vev, breaking SU (2) L × U (1) Y down to U (1) Q , while H 2 do not develop any vev and the neutral component of H 2 could be a DM candidate, whose stability is protected by the SU (2) H gauge symmetry and Lorentz invariance. In order to write down SU (2) H ×U (1) X invariant Yukawa couplings, we introduce heavy SU (2) L singlet Dirac fermions, the right-handed component of which is paired up with the SM right-handed fermions to comprise SU (2) H doublets. The masses of the heavy fermions come from the vev of the SU (2) H doublet. In this setup, the model is anomaly-free with respect to all gauge groups. In what follows, we will abbreviate our model as G2HDM, the acronym of gauged 2 Higgs doublet model.
We here concentrate on the scalar and additional gauge mass spectra of G2HDM and various collider constraints. DM phenomenology will be addressed in a separate publication.
As stated before, the neutral component of H 2 or any neutral heavy fermion inside an SU (2) H doublet can potentially play a role of stable DM due to the SU (2) H gauge symmetry without resorting to an ad-hoc Z 2 symmetry. It is worthwhile to point out that the way of embedding H 1 and H 2 into the SU (2) H doublet is similar to the Higgs bi-doublet in the Left-Right Symmetric Model (LRSM) [36] [37] [38] [39] [40] 
where SU (2) L gauge bosons connect fields within H 1 or H * 2 , whereas the heavy SU (2) R gauge bosons transform H 1 into H * 2 . The main differences between G2HDM and LRSM are:
• The charge assignment on the SU (2) H Higgs doublet is charged under U (1) Y × U (1) X while the bi-doublet in LRSM is neutral under U (1) B−L . Thus the corresponding Higgs potential are much simpler in G2HDM;
• All SU (2) H gauge bosons are electrically neutral whereas the W ± R of SU (2) R carry electric charge of one unit;
• The SM right-handed fermions such as u R and d R do not form a doublet under SU (2) H unlike in LRSM where they form a SU (2) R doublet, leading to very different phenomenology.
On the other hand, this model is also distinctive from the twin Higgs model [41, 42] where H 1 and H 2 are charged under two different gauge groups SU (2) A (identified as the SM gauge group SU (2) L ) and SU (2) B respectively, and the mirror symmetry on SU (2) A and SU (2) B , i.e., g A = g B , can be used to cancel quadratic divergence of radiative corrections to the SM Higgs mass. Solving the little hierarchy problem is the main purpose of twin Higgs model while G2HDM focuses on getting an inert Higgs doublet as the DM candidate without imposing an ad-hoc Z 2 symmetry. Finally, embedding two Higgs doublets into a doublet of a non-abelian gauge symmetry with electrically neutral bosons has been proposed in Refs. [43] [44] [45] , where the non-abelian gauge symmetry is called SU (2) N instead of SU (2) H . Due to the E 6 origin, those models have, nonetheless, quite different particle contents for both fermions and scalars as well as varying embedding of SM fermions into SU (2) N , resulting in distinct phenomenology from our model. This paper is organized as follows. In Section II, we specify the model. We discuss the complete Higgs potential, Yukawa couplings for SM fermions as well as new heavy fermions and anomaly cancellation. In Section III, we study spontaneous symmetry breaking conditions (Section III A), and analyze the scalar boson mass spectrum (Section III B) and the extra gauge boson mass spectrum (Section III C). We discuss some phenomenology in Section IV, including numerical solutions for the scalar and gauge bosons masses, Z constraints, SM Higgs decays into the γγ and γZ, and stability of DM candidate. Finally, we summarize and conclude in Section V. Useful formulas are relegated to two appendixes.
II. G2HDM SET UP
In this section, we first set up the G2HDM by specifying its particle content and write down the Higgs potential, including the two Higgs doublets H 1 and H 2 , an SU (2) H triplet ∆ H and an SU (2) H doublet Φ H , where ∆ H and Φ H are singlets under the SM gauge group. Second, we spell out the fermion sector, requiring the Yukawa couplings to obey the SU (2) H × U (1) X symmetry. The abelian U (1) X factor can be treated as either local or global symmetry as will be elaborated further in later section. There are different ways of introducing new heavy fermions but we choose a simplest realization: the heavy fermions together with the SM right-handed fermions comprise SU (2) H doublets, while the SM lefthanded doublets are singlets under SU (2) H . We note that heavy right-handed neutrinos paired up with a mirror charged leptons forming SU (2) L doublets was suggested before in [46] . The matter content of the G2HDM is summarized in Table I . Third, we demonstrate the model is anomaly free.
A. Higgs Potential
We have two Higgs doublets, H 1 and H 2 where H 1 is identified as the SM Higgs doublet and H 2 (with the same hypercharge Y = 1/2 as H 1 ) is the additional SU (2) L doublet. In addition to the SM gauge groups, we introduce additional groups, SU (2) H × U (1) X under which H 1 and H 2 transform as a doublet,
With additional SU (2) H triplet and doublet, ∆ H and Φ H , which are singlets under
respectively. The field Φ 2 may acquire nontrivial vev and Φ 1 = 0 with the help of a large second term.
B. Yukawa Couplings
We start from the quark sector. Setting the quark SU (2) L doublet, Q L , to be an SU (2) H singlet and including additional SU (2) L singlets u H R and d H R which together with the SM right-handed quarks u R and d R , respectively, to form SU (2) H doublets, i.e., U
, where the subscript represents hypercharge, we have To give a mass to the additional species, we employ the
where Φ has
respectively. Note that both v ∆ and v Φ contribute the SU (2) H gauge boson masses.
The lepton sector is similar to the quark sector as
where 
As a result, the lepton number is conserved, implying vanishing neutrinoless double beta decay. In order to generate the observed neutrino masses of order sub-eV, the Yukawa couplings for ν L and ν R are extremely small (∼ 10 −11 ) even compared to the electron Yukawa coupling. The smallness can arise from, for example, the small overlap among wavefunctions along a warped extra dimension [47, 48] .
Alternatively, it may be desirable for the neutrinos to have a Majorana mass term which can be easily incorporated by introducing a SU (2) H scalar triplet ∆ N with X(∆ N ) = −2. M N /GeV.
We note that only one SU (2) L doublet H 1 couples to two SM fermion fields in the above Yukawa couplings. The other doublet H 2 couples to one SM fermion and one non-SM fermion, while the SU (2) H doublet Φ H couples to at least one non-SM fermion. As a consequence, there is no flavour changing decays from the SM Higgs in this model. This is in contrast with the 2HDM where a discrete Z 2 symmetry needed to be imposed to forbid flavour changing Higgs decays at tree level. Thus, as long as H 2 does not develop a vev in the parameter space, it is practically an inert Higgs, protected by a local gauge symmetry instead of a discrete one!
C. Anomaly Cancellation
We here demonstrate the aforementioned setup is anomaly-free with respect to both the SM and additional gauge groups. The anomaly cancellation for the SM gauge groups 
where 3 comes from the SU (3) C color factor and 2 from 2 components in an SU (2) H doublet.
With the quantum number assignment for the various fields listed in Table I , one can check that this anomaly coefficient vanishes for each generation.
In terms of U (1) X , one has to check [SU (
The first three terms are zero due to cancellation between U R and D R and between E R and N R with opposite
both of which vanish.
One can also check the perturbative gravitational anomaly [49] associated with the hypercharge and U (1) X charge current couples to two gravitons is proportional to the following sum of the hypercharge
and U (1) X charge
which also vanish for each generation.
Since there are 4 chiral doublets for SU (2) L and also 8 chiral doublets for SU (2) H for each generation, the model is also free of the global SU (2) anomaly [50] which requires the total number of chiral doublets for any local SU (2) must be even.
We end this section by pointing out that one can also introduce Q
possibility is also interesting and will be discussed elsewhere.
III. SPONTANEOUS SYMMETRY BREAKING AND MASS SPECTRA
After specifying the model content and fermion mass generation, we now switch to the scalar and gauge boson sector. We begin by studying the minimization conditions for spontaneous symmetry breaking, followed by investigating scalar and gauge boson mass spectra.
Special attention is paid to mixing effects on both the scalars and gauge bosons.
A. Spontaneous Symmetry Breaking
To facilitate spontaneous symmetry breaking, let us shift the fields as follows
and Substituting the vevs in the potential V in Eq. (1) leads to
Minimization of the potential in Eq. (17) leads to the following three equations for the vevs
Note that one can solve for the non-trivial solutions for v 2 and v 2 Φ in terms of v ∆ and other parameters using Eqs. (18) and (19) . Substitute these solutions of v 2 and v 
B. Scalar Mass Spectrum
The scalar boson mass spectrum can be obtained from taking the second derivatives of the potential with respect to the various fields and evaluate it at the minimum of the potential.
The mass matrix thus obtained contains three diagonal blocks. The first block is 3 × 3. In the basis of S = {h, δ 3 , φ 2 } it is given by
This matrix can be diagonalized by a similar transformation with orthogonal matrix O, which defined as |f i ≡ O ij |m j with i and j referring to the flavour and mass eigenstates respectively,
where the three eigenvalues are in ascending order. Zγ involve extra contributions from the δ 3 and φ 2 components, which could lead to either enhancement or suppression with respect to the SM prediction.
The second block is also 3 × 3. In the basis of
It is easy to show that Eq. (23) 
. D can be a DM candidate in G2HDM. Note that in the parameter space where the quantity inside the square root of Eq. (24) is very small, ∆ would be degenerate with D. In this case, we need to include coannihilation processes for relic density calculation. Moreover, it is possible in our model to have ν H R or χ ν (ν R either is too light or is not stable since it decays to SM lepton and Higgs) to be DM candidate as well.
The final block is 4 × 4 diagonal, giving
for the physical charged Higgs H ± 2 , and
for the three Goldstone boson fields G ± , G 0 and G 0 H . Note that we have used the minimization conditions Eqs. (18), (19) and (20) to simplify various matrix elements of the above mass matrices.
Altogether we have 6 Goldstone particles in the scalar mass spectrum, we thus expect to have two massless gauge particles left over after spontaneous symmetry breaking. One is naturally identified as the photon while the other one could be interpreted as dark photon
After investigating the spontaneous symmetry breaking conditions, we now study the mass spectrum of additional gauge bosons. The gauge kinetic terms for the ∆ H , Φ and H
with
and
where D µ is the SU (2) L covariant derivative, acting individually on H 1 and H 2 , g H (g X ) is the SU (2) H (U (1) X ) gauge coupling constant, and
in which T a = τ a /2 (τ a are the Pauli matrices acting on the
2, and
The SM charged gauge boson W ± obtained its mass entirely from v, so it is given by
same as the SM.
The SU (2) H gauge bosons W a and the U (1) X gauge boson X receive masses from ∆ 3 , H 1 and Φ 2 . The terms contributed from the doublets are similar with that from the standard model. Since ∆ H transforms as a triplet under SU (2) H , i.e., in the adjoint representation, the contribution to the W a masses arise from the term
All in all, the W (p,m) receives a mass from ∆ 3 , Φ 2 and
while gauge bosons X and W 3 , together with the SM W 3 and U (1) Y gauge boson B, acquire their masses from Φ 2 and H 1 only but not from ∆ H :
where g is the SM U (1) Y gauge coupling. Alternatively, one can set g X = 0 to decouple X from the theory or simply treat U (1) X as a global symmetry, after all as mentioned before U (1) X is introduced to simplify the Higgs potential by forbidding terms like Φ 
As anticipated, this mass matrix has two zero eigenvalues corresponding to m γ = 0 and m γ D = 0 for the photon and dark photon respectively. The other two nonvanishing eigenvalues are
where
A strictly massless dark photon might not be phenomenologically desirable. One could have a Stueckelberg extension of the above model by including the Stueckelberg mass term [51, 52 ]
where M X and M Y are the Stueckelberg masses for the gauge fields X µ and B µ of U (1) X and U (1) Y respectively, and a is the axion field. Thus the neutral gauge boson mass matrix is modified as
It is easy to show that this mass matrix has only one zero mode corresponding to the photon, and three massive modes Z, Z , Z . This mass matrix can be diagonalized by an orthogonal matrix. The cubic equation for the three eigenvalues can be written down analytically similar to solving the cubic equation for the vev v ∆ given in the Appendix A. However their expressions are not illuminating and will not presented here.
As shown in Ref. [52] , M Y will induce the mixing between U (1) Y and U (1) X and the resulting massless eigenstate, the photon, will contain a U ( 
where Z SM is the SM Z boson without the presence of the W 3 and X bosons. In this model, the charged current mediated by the W boson and the electric current by the photon γ are exactly the same as in the SM:
where Q f is the corresponding fermion electric charge in units of e. On the other hand, neutral current interactions, including ones induced by W , take the following form (for illustration, only the lepton sector is shown but it is straightforward to include the quark sector)
Detailed analysis of the implications of these extra gauge bosons is important and will be presented elsewhere.
IV. PHENOMENOLOGY
In this Section, we discuss some phenomenology implications of the model by examining the mass spectra of scalars and gauge bosons, Z constraints from various experiments, and
Higgs properties of this model against the LHC measurements on the partial decay widths of the SM Higgs boson, which is h 1 in the model.
A. Numerical Solutions for Scalar and Gauge Boson Masses
We first study the SM Higgs mass (m h 1 ) dependence on the parameters in the mass matrix in Eq. (21). As we shall see later the vev v Φ has to be bigger than 10 TeV ( v = 246 GeV).
In light of LEP measurements on the e + e − → e + e − cross-section [55] , the mass matrix will exhibit block-diagonal structure with the bottom-right 2-by-2 block much bigger than the rest and h basically decouple from φ 2 and δ 3 .
To demonstrate this behavior, we simplify the model by setting λ H∆ , λ HΦ , λ Φ∆ equal to zero and then choose λ Φ = 0.5, λ ∆ = 1, v Φ = v ∆ = 10 TeV, and M Φ∆ = 0.8M H∆ so that 1. Nonetheless, when M H∆ becomes comparable to v Φ , and the (1,2) element of the mass matrix gives rise to a sizable but negative contribution to the Higgs mass, requiring a larger value of λ H than the SM one so as to have a correct Higgs mass. In this regime, |O 11 | is, however, still very SM-like:
1. Therefore, one has to measure the quartic coupling λ H through the double Higgs production to be able to differentiate this model from the SM.
For the analysis above, we neglect the fact all vevs, v Φ , v ∆ and v are actually functions of the parameters µs, M s and λs in Eq. (1), the total scalar potential. The analytical solutions of the vevs are collected in Appendix A. As a consequence, we now numerically diagonalized the matrices (21) and (23) as functions of µ, M and λ, i.e., replacing all vevs by the input parameters. It is worthwhile to mention that v ∆ has three solutions as Eq. (20) is a cubic equation for v ∆ . Only one of the solutions corresponds to the global minimum of the full scalar potential. We, however, include both the global and local minimum neglecting the stability issue for the latter since it will demand detailed study on the nontrivial potential shape which is beyond the scope of this work. Table II .
In order to explore the possibility of a non-SM like Higgs having a 125 GeV mass, we further allow for nonzero mixing couplings. We perform a grid scan with 35 steps of each dimension in the range
In order not to overcomplicate the analysis, from now on we make λ Φ = 0.5, 10 TeV, and M Φ∆ = 0.8M H∆ , unless otherwise stated. In Table II, Table II . The behavior can be easily understood
where we have neglected terms involving v since we are interested in the limit of v ∆ , v Φ v.
Note that this result is true as long as M Φ∆ = 0.8M H∆ and v ∆ > v Φ v regardless of the other parameters. Since performing a full analysis of the constraints on extra neutral gauge bosons including all possible mixing effects from γ, Z, Z , Z is necessarily complicated, we will be contented in this work by a simple scenario discussed below.
The neutral gauge boson mass matrix in Eq. (37) can be simplified a lot by making U (1) X a global symmetry. In the limit of g X = M X = 0, the U (1) X gauge boson X decouples from the theory, and the 3-by-3 mass matrix in the basis of B, W 3 and W 3 can be rotated into the mass basis of the SM γ, Z and the SU (2) H Z by:
where R ij refers to a rotation matrix in the i − j block; e.g., R 12 (θ w ) is a rotation along the z-axis (W 3 ) direction with cos θ w as the (1, 1) and (2, 2) element and − sin θ w as the (1, 2) element (sin θ w for (2, 1)). The mixing angles can be easily obtained as
have the approximate result
A couple of comments are in order here. First, the SM Weinberg angle characterized by θ w is unchanged in the presence of SU (2) H . Second, the vev ratio v 2 /v 2 Φ controls the mixing between the SM Z and SU (2) H Z . However, the Z −Z mixing for TeV Z is constrained to be roughly less than 0.1%, results from Z resonance line shape measurements [56] , electroweak precision test (EWPT) data [57] and collider searches via the W + W − final states [58, 59] , depending on underlying models.
Direct Z searches based on dilepton channels at the LHC [60] [61] [62] yield stringent constraints on the mass of Z of this model since right-handed SM fermions which are part of SU (2) H doublets couple to the Z boson and thus Z can be produced and decayed into dilepton at the LHC. To implement LHC Z bounds, we take the Z constraint [62] on the Sequential Standard Model (SSM) with SM-like couplings [63] , rescaling by a factor of
It is because first SU (2) H does not have the Weinberg angle in the limit of taking into account the minor difference on the chiral structure of the couplings.
In addition, Z also interacts with the right-handed electron and will contribute to e + e − → + − processes. LEP measurements on the cross-section of e + e − → + − can be translated into the constraints on the new physics scale in the context of the effective four-fermion
where δ = 0 (1) for f = e (f = e) and η ij = 1 (−1) corresponds to constructive (destructive) interference between the SM and the new physics processes. On the other hand, in our model for m Z ∼TeV the contact interactions read
It turns out the strongest constraint arises from e 
In Fig. 3 , in the plane of g H and m Z , we show the three constraints: the Z − Z mixing by the blue dotted line, the heavy narrow dilepton resonance searches from CMS [62] in red and the LEP bounds on the electron-positron scattering cross-section of e + e − → e + e − [55] in black, where the region above each of the lines is excluded. We begin with the SM Higgs boson h 1 partial decay widths into SM fermions. Based on the Yukawa couplings in Eqs. (9), (10) and (11) . On the other hand, h 1 → ZZ receives additional contributions from the Z − Z mixing and thus the δ 3 and φ 2 components charged under SU (2) H will also contribute. The mixing, however, are constrained to be small ( 10 −3 ) by the EWPT data and LEP measurement on the electron-positron scattering cross-section as discussed in previous subsection. We will not consider the mixing effect here and the decay width is simply reduced by O 2 11 identical to other tree-level decay channels. Now, we are in a position to explore the Higgs radiative decay rates into two photons and one Z boson and one photon, normalized to the SM predictions. For convenience, we define R XX to be the production cross section of an SM Higgs boson decaying to XX divided by the SM expectation as follows:
Note that first additional heavy colored fermions do not modify the Higgs boson production cross section, especially via gg → h 1 , because the SU (2) H symmetry forbids the coupling of h 1f f , where f is the heavy fermion. Second, in order to avoid the observed Higgs invisible decay constraints in the vector boson fusion production mode:
Br(h 1 → invisible) < 0.29 [66, 67] , we constrain ourself to the region of 2m D > m h so that the Higgs decay channels are the same as in the SM. As a consequence, Eq. (57) becomes,
similar to the situation of IHDM.
As mentioned before due to the existence of SU (2) 
there are in total three contributions to the H ± 2 -loop diagram. The Higgs decay widths into γγ and Zγ including new scalars can be found in Refs. [68] [69] [70] [71] and they are collected in Appendix B for convenience.
The results of h → γγ (red circle) and h → Zγ (blue square) are presented in Fig. 4 for both the Global minimum case (left) and additional points which having the correct Higgs mass only at Local minimum (right). All the scatter points were selected from our grid scan described in subsection IV A. It clearly shows that the mass of the heavy charged Higgs has to be larger than 100 GeV in order to satisfy the LHC measurements on h → γγ [64, 65] while the corresponding h → Zγ ranges from 0.9 to 1. Unlike normal IHDM where λ 3 in
where λ H as a quartic coupling has to be positive to ensure the potential is bounded from below. It implies that for |O 11 | 2 being very close to 1 like the benchmark point C in Table II 
+ n 5 * (1/2, −(1/2), 1/2, 1) + n 6 * (−1/2, 0, 0, 1) , which gives
This implies the number of net fermions (fermions minus anti-fermions) is n 1 +n 2 +n 3 +n 4 = 1, where positive and negative n i correspond to fermion and anti-fermion respectively. In Before moving to the DM relic density computation, we would like to comment on effective operators with an odd number of D, like three Ds or more. It is not possible that this type of operators, invariant under the gauge symmetry, will induce operators involving only one DM particle, by connecting an even number of Ds into loop. It is because those operators linear in D violate either the gauge symmetry or Lorentz invariance and hence can never be (radiatively) generated from operators obeying the symmetries. After all, the procedure of reduction on the power of D, i.e., closing loops with proper vev insertions (which amounts to adding Yukawa terms), also complies with the gauge and Lorentz symmetry.
E. Dark Matter Relic Density
We now show this model can reproduce the correct DM relic density. As mentioned above, the DM particle will be a linear combination of G p H , ∆ p and H 0 * 2 . Thus (co)-annihilation channels are relevant if their masses are nearly degenerated and the analysis can be quite involved. In this work, we constrain ourselves in the simple limit where the G2HDM becomes IHDM, in which case the computation of DM relic density has been implemented in the software package micrOMEGAs [73, 74] . For a recent detailed analysis of IHDM, see Ref. [10] and references therein. In other words, we are working in the scenario that the DM being mostly H 0 2 and the SM Higgs boson h has a minute mixing with δ 3 and φ 2 . The IHDM Higgs potential reads,
where λ 1 = λ 2 = 2λ 3 = λ H with λ 4 = λ 5 = 0 when compared to our model. It implies the degenerate mass spectrum for H 
± γ, and thus the DM relic density is mostly determined by these channels.
Besides, from Eq. (61), λ H is seemingly fixed by the Higgs mass, λ 1 = m 2 h /2v 2 ∼ 0.13, a distinctive feature of IHDM. In G2HDM, however, the value of λ H can deviate from 0.13 due to the mixing among h, δ 3 and φ 2 as shown in Fig. 1 , where the red curve corresponds to the Higgs boson mass of 125 GeV with λ H varying from 1.2 to 1.9 as a function of M H∆ , which controls the scalar mixing. To simulate G2HDM but still stay close to the IHDM limit, we will treat λ H as a free parameter in the analysis and independent of the SM Higgs mass.
We note that micrOMEGAs requires five input parameters for IHDM: SM Higgs mass (fixed to be 125 GeV), H ± 2 mass, H 0 2 mass (including both CP-even and odd components which are degenerate in our model), λ 2 (= λ H ) and (λ 3 + λ 4 − λ 5 )/2 (≈ λ H ). It implies that only two of them are independent in G2HDM, which can be chosen to be m DM and λ H . Strictly speaking, m DM is a function of parameters such as M Φ∆ , M H∆ , v Φ , v ∆ , etc., since it is one of the eigenvalues in the mass matrix of Eq. (23) . In this analysis, we stick to the scan range of the parameters displayed in Eq. (47) with slight modification as follows 0.12
and also demand the mixing (denoted by O D ) between H 0 2 and the other scalars to be less than 1%. In the exact IHDM limit, O D should be 1. Besides, the decay time of H 
F. EWPT -∆S, ∆T and ∆U
In light of the existence of new scalars and fermions 7 , one should be concerned about the EWPT, characterized by the oblique parameters ∆S, ∆T and ∆U [75] . For scalar contributions, similar to the situation of DM relic density computation, a complete calculation in G2HDM can be quite convoluted. The situation, however, becomes much simpler when one goes to the IHDM limit as before, i.e., H 0 2 is virtually the mass eigenstate and the inert doublet H 2 is the only contribution to ∆S, ∆T and ∆U , since Φ H and ∆ H are singlets under the SM gauge group. Analytic formulas for the oblique parameters can be found in Ref. [8] . All of them will vanish if the mass of H ± 2 is equal to that of H 0 2 as guaranteed by the SU (2) L invariance. 7 For additional gauge bosons in the limit of U (1) X being a global symmetry, the constrain considered above, sin θ ZZ < 10 −3 , are actually derived from the electroweak precision data combined with collider bounds. As a consequence, we will not discuss their contributions again.
On the other hand, the mass splitting stems from the H 0 * 2 mixing with G p H and ∆ p ; therefore, in the limit of IHDM, the mass splitting is very small, implying a very small deviation from the SM predictions of the oblique parameters. We have numerically checked that all points with the correct DM relic abundance studied in the previous section have negligible H 2 contributions, of order less than 10 −3 , to ∆S, ∆T and ∆U .
Finally for the heavy fermions, due to the fact they are singlets under SU (2) L , the corresponding contributions will vanish according to the definition of oblique parameters [75] .
Our model survives the challenge from the EWPT as long as one is able to suppress the extra scalar contributions, for instance, resorting to the IHDM limit or having cancellation among different contributions.
V. CONCLUSIONS AND OUTLOOK
In this work, we propose a novel framework to embed two Higgs doublets, H 1 and H 2 into a doublet under a non-abelian gauge symmetry SU ( angle with respect to the SM results. We also check the h → γγ decay rate normalized to the SM value and it depends not only on the mass of H ± 2 but also other mixing parameters. As a result, H ± 2 has to be heavier than 100 GeV while the h → Zγ decay width is very close to the SM prediction. We also confirm that our model can reproduce the correct DM relic abundance and stays unscathed from the EWPT data in the limit of IHDM where DM is purely the second neutral Higgs H 0 2 . Detailed and systematic study will be pursued elsewhere.
As an outlook, we briefly comment on collider signatures of this model, for which detailed analysis goes beyond the scope of this work and will be pursued in the future. Due to the SU (2) H symmetry, searches for heavy particles are similar to those of SUSY partners of the SM particles with R-parity. In the case of H 0 2 being the DM candidate, one can have, for instance, u R u R → W p W m via t-channel exchange of u Phenomenology of G2HDM is quite rich. In this work we have only touched upon its surface. Many topics like constraints from vacuum stability as well as DM and neutrinos physics, collider implications, etc are worthwhile to be pursued further. We would like to return to some of these issues in the future.
